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CHAPTER 9
| NSTRUVENTATI ON  AUTOMATI ON TECHNI QUES
Section |. Introduction
9-1.  Introduction. Instrunmentation automation is increasingly beconmng a

val uabl e neans of collecting instrument data for several reasons.
Primarily, sonme tasks that are traditionally done by instrunentation
personnel are better acconplished by machines, for the fact that the
machine will take neasurenents in the same manner at each readi ng, whereas
human error can cause mnor variations in reading and interpreting data
Aut omation permits a greater volune of data to be collected in a given
period of time. \WWere an instrunmentation reading party may take 4 to 6
hours to read a set of plunblines, the same readings can be taken in less
than 10 ninutes when collected by automated plunbline nonitoring equipnent.
The cost of instrunmentation and conmputers to nmontior these instruments has
decreased drastically within the past five years. It is now nore
economical, in ternms of overall cost, to automate the reading of certain
types of instrumentation than to continue reading them by manual nethods.

9-2. Scope. This chapter describes the steps necessary for inplenenting
automated instrunmentation nonitoring systens suitable for use in or at

| arge concrete structures. It covers the sensor selection, data trans-

m ssion, data conversion, data nmanipulation, data display, and data stor-
age. The definition of systemrequirements, and a sanple "Systens
Requirenents Docunment” to serve as a guideline in specifying the systenms
functional requirements, are also presented. This chapter discusses key
factors that nust be considered as the system develops. System consi der-
ations in determning measurenment techniques, conmponent conpatibility,
system characteristics, interfacing techniques, power sources, grounding
techniques, naintainability, operability, system calibration, system flexi-
bility, sensor selection criteria, transducer hazards, signal conditioning
techni ques, data transfer, data processing, data display, and recording and
storage techniques are covered. The information presented in this chapter
is condensed froma nore detailed report entitled "lInstrumentation

Aut omation Techniques". That report is one of three reports on
instrumentation automation for concrete structures published under the
Repair, Evaluation, Mintenance, and Rehabilitation (REMR) Program
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Section Il. System Requirements Docunent

9-3. Defining the Objectives. A logical approach to specifying operating
requirenents for any data collection and reduction systemis to first
define the broad objectives of that system Answering several sinple
questions will assist in identifying these objectives:

What information is needed?

How often does the information need updating?

In what form does the information need to be presented?
What is the relative economc value of the information?

o O o o

By defining the scope of the information needs, an engineer may begin the
task of specifying the general requirements of an instrunentation systemto
satisfy those needs.

All system operating requirements may be broadly categorized into
two types: 1)functional and 2)environnental. Functional requirenents
include system operating paraneters that are related to or influenced by
functions of hardware and software. Environnmental requirements include all
systens operating parameters that are influenced by external conditions,
such as the natural and induced physical environment, and spatial
distribution/constraints related to system installation.

h. The proper vehicle for describing the scope of the system needs
is the system requirenents document. This is a document that serves as a
guideline in determning the system functional and environnental require-
ments. In it, the needs of the system are docunmented. The phenomena to be
measured is defined and quantified, and each conponent of the systemto be
designed is analyzed to be certain that its requirenents are fully defined
and docurmented. A sanple of a requirements document is presented in
Appendi x D.

9-4. Functional Requirenents.

a. Defining the Measurement. The process of breaking-down the phy-
sical phenonena to be neasured into their fundamental quantities of |ength,
tine, nmass, and tenperature enables the engineer to better define the best
type of neasuring conponent (transducer) for the instrunment system 1In
other words, the engineer should explicitly define and exami ne the non-
electrical quantities that nust be converted to usable electrical signals.
Utimtely, these electrical signals nust reliably and-accurately represent
the value of physical quantities being neasured.
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b. Defining the Level of Need.

(1) Sanple Rate and Frequency of Interest. An automated el ectronic
data collection, processing, and storage system perforns these functions at
hi gh t hroughput rates and can conpile enornous amounts of information. The
engi neer must determine the frequency at which any given paranmeter nust be
measured, processed, and recorded. Typically, data are collected on a pre-
determned time schedule, or when a predetermned setpoint has been ex-
ceeded.

(2) The use of progranmmable, microprocessor-based data acquisition
systens (DAS) and test equi pment provides the user with flexibility to
easily nodify measurement rates (sanple and process speed) with software,
and expand data storage capacity (memory or magnetic disk). System process
speed is not a critical consideration for accurate neasurenents of
relatively slow changing quantities, such as tenperature, deformation and
strain. However, if an accurate tinme history of rapidly changing phenonena
(active seismic data) is required, the system sanple and process rate
becomes critical. Generally speaking, the sanpling frequency and system
response should be an order of magnitude greater than the maxi mum data
frequency expected to be recovered by the system

C Signal Distribution and Acquisition.

(1) Distribution and acquisition of electronic signals from nunmerous
sensors and instrunents require one of two prinmary approaches for system
architecture. A centralized systemis generally recomended if the appli-
cation is small, with signal sources close together. However, |larger ap-
plications, where instruments are geographically dispersed (typical of
| arge dans), may require renpte processing or distributed intelligence in
the data acquisition system architecture. Wring costs can be a large
factor in determning the proper type of system

(2) In a centralized DAS, all signal processing takes place in or
next to the conputer chassis with field wiring and cabling providing the
signal link from sensors to processor. A centralized architecture keeps
the amount of software needed to a minimum  However, W ring and cabling
may be expensive and prohibitive unless all sensors are relatively near the
conputer, and if the central unit fails, or is down for maintenance/ program
modi fication, the whole system is inoperative.

(3) For environments too harsh for a conputer, or where applications
are physically spread out, a distributed architecture is recommended. The
two types of systenms in this category are those with renote front ends, and _
those with distributed intelligence. These systems reduce wiring costs by
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processing the signal close to the sensor, and transnitting the results to
the central unit over |ess expensive wire. Added costs fromthese systens
cone from the renote processors.

d. Reliability and Criticality. Systemreliability in automated
el ectronic instrunentation is influenced by five prinmary factors. The
level to which each is inplenmented influences overall cost and nust be con-
sidered in establishing this requirement. They are as follows:

(1) State-of-the-Art Equiprent. As a general rule, use of nore re-
cently developed instrumentation increases system reliability, and general-
ly reduces the total cost of data over the life of the system

(2) System Conplexity. As the nunber of subsystens increases, in-
strumentation system reliability generally decreases. Consequently, sim
plicity or minimal conplexity is recomended in design and integration.

(3) Environmental Conditions. System reliability generally decreases
with increased severity of environnental conditions to which the conponents
are exposed. Subsystens involving critical measurements should be environ-
mental |y protected wherever possible.

(4) Operating Time. All active conponents have a |limted operating
life. Reduction of continuous operating requirenments to intermttent or
cyclic functions generally extends the life of subsystem conponents.

(5) Preventive Mintenance. Proper and periodic maintenance increases
system reliability and extends operating life.

Consideration of these reliability factors is very inportant in applica-
tions that: 1) nmonitor critical functions over extended periods; 2) have
conponents that cannot be easily replaced; or 3) do not have skilled main-
tenance personnel readily available. Conponent redundancy to increase re-
liability to an acceptable level can solve this condition.

e. Resolution and Accuracy. The term "neasurenent resolution and
accuracy" sinply inplies to what degree the neasured value represents the
"true " quantitative value. Wth respect to instrumentation systens
requirenents, the engineer nmust clearly define the degree to which neasured
guantities nust reflect actual values in order to provide adequate
information to satisfy the need. Typically, there is a direct relationship
between cost and the degree of neasurement accuracy and resolution. The
neasurenent accuracy and resol ution requirenent should reflect the relative
econonmi ¢ value of the desired information.
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f. Conputation Requirements. The engineer must make a reasonable
estimate of the volume, speed, and conplexity of conputations that an
automated data collection and reduction system will be required to perform
Si npl e conversions and mat hematics may be perforned by individual hardware
el enents (anal og signal conditioning and recording devices) in one and two
dat a- channel systens. However, for automated nulti-channel, multifunction
data acquisition and processing, a mcroprocessor-based instrunmentation
system and supporting software is reconmended. The mgjor considerations
for the engineer are identifying: 1) maxi mum system operating speed and
storage capacity requirenment for programs and data; and 2) avail able
sources of system operating software.

~ Power and Power Conditioning Requirenents. An automated elec-
tronic system requirenents list must include considerations for power pro-
visions. The factors that are pertinent include:

(1) Specific power requirenents for individual instruments, to in-
clude requirements for current usage. Mdst instrunments that require direct
current contain internal power supplies or batteries with line charge capa-
bility.

(2) Alternative direct current power sources (batteries, photovoltaic
cells, etc.) and power inverters nust be installed if the el ectronic system
is likely to be located in a renote area with no available |ine power.

(3) The relative economc value of a data |oss nust be weighed
agai nst significant costs for backup conputer power hardware such as notor
generators, uninterruptible power systens (UPS), line isolation, and regu-
lation transformers. If conputer back-up or uninterruptible power is not
econonically feasible, the operating program should be in read only nenory
(ROM instead of random access menory (RAM so that the system will auto-
matically restart after a power failure.

(4) State-of-the-art conputer applications routinely use software
that collects, processes, and noves data into permanent storage at speeds
that prevent nore than miniscule loss of collected data if a hardware anom
aly occurs.

h. Data Display and Recording Equipment. A basic function of an in-
strunmentation systemis to present desired measurement data to the user in
a formthat satisfies information needs. Thus, the engineer mnust
explicitly define the requirements for acquired data display, storage, or
special processing functions such as limt/alarm control. Processed data
may be displayed on digital neters, video screens, nulti-axis plotters, *
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chart recorders, or tabulated, formatted, and printed in hard copy on com
mand by the user or a preprogrammed schedule by software. Also, all data
may be stored on magnetic nedia for future processing.

9-5.  Environnmental Requirenents. To conplete the general requirenents for
design of an automated instrunmentation and neasurenent system the engi neer
nmust identify the major elenments and range of the natural and induced

physi cal environnent to which specific subsystens will be subjected during
operation. System performance and reliability depend upon the proper match
of instrunentation and operating environnent. To achieve this end, either
the instrunments can be fitted to the environnent, or the environnent can be
conditioned to suit the needs of the instruments.

a. Natural Environnent. Natural elements of the physical environnment
include temperature, humdity, vibration, pressure, dust, dirt, etc. The
design requirenents docunent should specify instrunmentation subsystem com
ponents that are functional within a range of each applicable element. The
foll owing reconmendations deserve particular consideration.

(1) Uncontrolled environmental excursions are generally excessive for
typical automated instrumentation. Environnentally controlled enclosures
are recommended for conputer-based and other sophisticated equipnent.

(2) Since exposure duration affects equipnent survivability, where
environnmental conditions are severe, the use of portable data acquisition
equi pnent will limt the equi pment exposure to those tines it is being
used. The equi pnrent might then be returned to a controlled environment for
data processing and display.

b. Induced Environnent. Induced elenents of the physical environnent
include electromagnetic and electrostatic interference, the technical skill
of system personnel, and spatial factors such as geographic and geonetric
distribution and size limtations of subsystem conponents. Exanples of
these are:

(1) Electromagnetic and electrostatic interference, and field sources
of electrical signal noise generated by instrunentation power generators.
These are damaging to inproperly shielded existing subsystems. Identify
and mnimze large generators of electromagnetic and electrostatic fields
and nmaxi m ze proper shielding and ground plane techniques in retrofitted
i nstrument ati on.

(2) Skill level requirements of operation/mintenance personnel are
generally a direct function of system conplexity. Match the instrunen-
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tation application with available personnel skills to reduce additional
training-related costs and hardware/software problens.

(3) Installation of additional instrumentation requires additional
space within an allocated area. Consider: 1) Centrally locating system
components to facilitate efficient operation and reduce nmintenance and in-
terconnection requirenents, 2) Make equi pnent accessible for naintenance,
3) Make instrumentation that requires frequent interaction with a human op-
erator adequately l|abelled, lighted, and accessible.

Section II1l. System Design

9-6. System Considerations.

a. Having established the systemrequirements, a search for system
conmponents begins. A prinmary concern in such a venture is a cost versus
performance conparison. A system that neets the mininum cost/performnce
ratio requirements now mght not neet future requirenents. Future expan-
ion should be evaluated into the decision. It is best to select a system
that may have specifications and capabilities beyond the current require-
ents to allow for future needs.

h. The stability of a manufacturer and the extent of his support are
of great concern. If a manufacturer goes out of business or cancels the
product line, problens with spare parts, maintenance, and expansion can a-
rise. Talking with other users of like or simlar systens provides a good
input for rating a manufacturer. A check of the company's financial stand-
ing is also recommended.

c. System architecture influences speed and ease of access to the
system  Central Processing Unit (CPU) speed is rated by width of bit units
and cycle tine. The data paths internal to the CPU are rated as 8-, 16-,
or 32 bit units. The wider path is capable of handling |arger nunbers
faster. Conputer time is neasured in CPU clock cycles. Each instruction
requires a certain nunber of cycles; therefore, the time required for a
process is the nunmber of cycles required multiplied by the cycle time. The
power of a conputer is also determined by its instruction set. The nore
powerful an instruction set, the nore powerful the conputer.

9-7.  Automated Measurenent Techni ques.

a. Digital conputers now available provide the best neans for
acquiring and processing neasurenent information. The size and cost of the
system will depend on the extent of processing, and the nurmber and
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* frequency of neasurenents. |If storage is the only purpose of a system the
cost is low Costs increase with system conplexity and size.

bh. A nmeasurenent is made by an elenent or transducer which produces
a voltage, current, or frequency that represents the quantity or property

being measured. This is acconplished by varying inductance, |ight, capaci-
tance, or resistance. The output nmust be digitized for use by the conputer
system It may be digitized at the source before transmssion, or later at

the system Care nust be enployed in the transnission of the signal if
they are digitized at the system Transmission of digital signals have a
high noise immnity, and may be checked to assure that what is transmitted
is what is received. Lowlevel (nV or below) analog signals are the nost
critical in high-noise environnents.

c. Computer systems offer means to calibrate and conpensate for sys-
tem errors to assure accurate readings. Mst DAS manufacturers offer sig-
nal conditioning with multi-channel analog-to-digital (A/D) converters.
Dependi ng upon the type of input device, signal conditioning consists of
anplification, bridge conpletion networks, thernocouple conpensation, exci-
tation voltage and current supplies, and filtering. The nore accuracy and
precision required, the nore the system costs. A so, mintenance and cali -
bration costs rise. Therefore, only the mnimunal accuracy and precision re-
quired should be specified.

9-8.  Conponent Conpatibility. In choosing conponents for a system beware
of the manufacturers' exaggerated clainms of conpatibility and performance
The best way to deternmine conpatibility is to connect the units and observe
their operation. However, when this is not possible, a conpetent engineer
or technician should check specifications of all parameters for conpati-
bility. Try to avoid special interfaces and special software drivers as
they are expensive and difficult to naintain.

9-9. Instrunent/System Characteristics.

a. Matching the instrument to the systemis a critical part of system
integration. For voltage output instruments, if the voltage |evel of the
instrument does not match the voltage |level of the system input, signa
conditioning nust be added. Sone systens provide various |evels, ranges,
and resolutions with programmable gains. These and other forns of signa
conditioning add to the cost of a system and should only be specified when
necessary.

b. If an excitation voltage is used, the system should be able to

read this voltage for calibration purposes. The distance between the
transducer and the systemis a consideration because of line loss and in-
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terference. Signal drivers, shielding and filtering may be necessary to
reduce electromagnetic interference (EM) on long leads. This is espe-
cially true in harsh electrical environnents.

9-10. Interfacing Techniques. Using standard interfacing techniques is
recomrended since nonstandard interfaces make system integration a diffi-
cult task. There are two basic types of interfaces: serial, and parallel.
Choosing an interface technique depends on distance, required transni ssion
speed, and environment.

a. Serial. The Electronics Industry Association (EIA) RS-232-C
standard is the nost popular serial interface. Its linitations are dis-
tance and nunbers of devices (17 meters and 1 device). Baud rates (bits
per second) of 19.2 kbaud are possible. The EIA RS-422 standard interface
is a differential version of the EIA RS-232-C standard. It is capable of
transmtting over |onger distances and at hi gher speeds (100 nmeters and 100
kbaud), and has better noise inmmnity. The EIA RS-449 standard serial in-
terface has good noise imunity and baud rate (100 kbaud at 1200 neters),
but handshaking slows the throughput rate. The 20-mA current loop is also
a popul ar serial interface that may be used for transmission of data up to
180 neters at 9600 baud. Fiber-optic links are special serial interfaces.
Their major advantages are: speed (10 Maud to 1 Gbaud), conplete electri-
cal isolation, and no electromagnetic interference (EM). They are excel-
lent for use in electrically harsh environments. They will transmt over 3
kilometer |engths without repeaters.

b. Parallel. The Institute of Electrical and El ectronic Engineers
(I EEE) |EEE-488 standard instrument bus is the nost popular parallel inter-
face. It is 8 bits wide and is capable of speeds of up to 1 Myte/set.
Its limtations are distance and number of devices (30 nmeters and 15 de-
vices). Another low cost interface is the Hew ett-Packard interface |oop
(HP-1L). This is a very sinple two-wire link and is used on instrunents,
hand-held calculators, and conputers. This link uses a loop configuration
and can transfer 5 kbytes per second.

9-11. Power Sour ces.

a. Commercial power is sonetimes unacceptable because of excessive
noi se, voltage fluctuations, and drop-outs. Less severe power problens can
be overcone by using line conditioners which regulate voltage, filter
noi se, and protect against transients. Mre severe conditions could re-
quire the use of a motor-generator set which provides a higher |evel of
line conditioning features. |If power failures are intolerable, an uninter-
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ruptible power system (UPS) should be considered. These systens nonitor
the input power and switch to a back-up system (battery, diesel generator,
etc.) when there is a power interruption.

h. At sites where conmercial power is not available, power can be
obtained from batteries coupled with generators. System instrunentation
shoul d be chosen that operates with mini mum power consunption to reduce
backup power system costs. Batteries will store the power, and inverters
convert the DC voltage to needed 120 VAC. Solar cells, thermelectric and
wi nd- powered generators may be used to maintain trickle charges on batter-
ies. If available, water-generated energy nay also be used. If these
sources are not adequate, gas or diesel-powered generators may be instal-
led. Also, power backup and conditioning, to mnimze the effects of AC
line voltage problens such as transient noise spikes, and dropouts nay be
required to ensure that a tenporary power anonaly does not interrupt or
prevent critical data acquisition.

9-12. Gounding Techniques and Lightning Protection.

a. The best systemfor grounding is to establish a single point for
ground which is referenced to incoming power. Al grounds should be refer-
enced to this point with heavy gage copper wire. The single ground point
shoul d be a copper bar or plate. Analog and digital grounds should be
separated except at the single system ground point. Cable shields should
be grounded at the source end only. Equipnment cabinets should only be
grounded through a bus to the single ground point.

h. Wen it is necessary to establish a ground at a renote site, iso-
lation should be used at the host systemend. For digital systems, the
| east expensive and most effective nethod of isolation is the opto-coupler.
Several isolation anplifiers are available for analog systems. AC signals
may be isolated by using isolation transformers.

C  Sonme form of isolation and line conditioning such as high-isola-
tion power transformers or additional grounding circuitry should be used
between the system and commercial power, and in areas where lightning is
likely to disturb the instrunentation. This prevents comercial power dis-
turbances and lightning activity from damaging sensitive circuits in both
the system and the field instrunentation.

9-13. Muintainability.

a. Wen reviewing a systemdesign for maintainability, one should
check for ease of access to conponents for test purposes. |If the system
uses plug-in printed circuit cards, an extender card should be available to
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aid troubleshooting. [If the system has a nodul ar construction, the nodul es
shoul d be of reasonable size and perform a particular function. This en-
ables a “board swapping” approach to troubleshooting and minimzes system
downt i ne. This approach requires stocking of spare boards. If parts are
rare and unusual, ensure that the manufacturer can support the unit and
that parts lead time is not excessive.

b. Docunentation should be clear and concise, yet detailed. It
should include a general description, a theory of operation, a block dia-
gram of the unit, installation instructions, a section on troubleshooting,
a parts list, and logic or schematic diagrans. Even the best technicians
are unable to repair a unit without this basic docunentation.

9-14. (perability. The ease with which a system functions deternines the
level of expertise required by the operator. Controls should be well [a-

belled and easily understood, Try to avoid conplex operation procedures.

The nore automatic the system the less the chance for operator error.

9- 15. System Calibration.

a. Systemcalibration is essential to verify the accuracy of the
various readings taken by the system Measurenent errors are the quantita-
tive difference between the true values of the neasurand and the val ues in-
dicated by the neasuring system

b. The nost accurate method of calibration is to apply a standard
reference quantity to the sensor and adjust the measurenment systemto the
proper reading at several points over the range of the sensor. Two types
of reference standards are used in calibration. The prinary standard is a
standard which is directly traceable to the National Bureau of Standards
(NBS) or a natural physical constant. Primary standards are seldomused in
field neasurenent applications, but are used nmainly under |aboratory con-
ditions. Secondary standards are those calibrated to a primary standard,
and are nornmally used in field calibrations.

C.  The npst common nethod of calibration, although |less accurate, is
signal substitution. In this case, an electrically equivalent signal is
substituted for the actual sensor output, and the neasurenent systemis
adjusted to the proper reading. The highest accuracy for this type cali-
bration is obtained by signal substitution as close to the sensor as prac-
tical.

d. Generally, the accuracy of the calibration standard should be a
factor of ten higher than the desired accuracy of the reading. [n some
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cases, a factor of three is sufficient, but this should be carefully re-
sear ched.

e. Calibration should take place as close to actual and nmean operat-
ing conditions as possible. For exanple a calibration taken at 70 F. pmy
be innacurate when used at 0 F.

9- 16. System Flexibility.

a. System flexibility is enhanced by choosing a general purpose sys-
tem as opposed to a special purpose system The first consideration for
systemflexibility is the nunber of input/output (I/0O channels and
communi cations ports the system is capable of handling. /O may be limted
to the unit itself or expandable through an expansion chassis. Mpst
systens are expandable by use of a communications port and an intelligent

front end. Intelligent front ends can reduce the load on the main system
through distributed processing. Another advantage is that they require
less wiring and speed up system throughput. Intelligent front ends may

al so be used on rempte sites where they can be controlled via a nodem or
through radi o transm ssion.

h. The nore nmenory and storage capability a system has, the nore
flexible it becomes. The sample rate of a system can also influence flexi-
bility. Features designed into a system such as linit alarms, can in-
crease flexibility. The amount and type of system power, as well as envi-
ronnental specifications tend to restrict system flexibility. The type of
system bus will influence the nunber of products that are conpatible with
that bus. A local area network (LAN) is a bus structure supported by sev-
eral manufacturers, but which requires an intelligent controller. LANs can
increase system flexibility by distributing access to the system Mny pe-
ripheral devices can be linked to the system by a single bus. This pro-
vides a convenient way to reconfigure the system by adding or renoving de-
vi ces.

9-17.  Econonic Factors. The material cost of the systemis always an eco-
nomc factor. The labor cost of programmng, installation, check-out, and
documentation nust also be considered. Once the systemis installed and
wor ki ng, naintenance becomes the major econonmic factor. The service of-
fered by the manufacturer or his representative directly influences mainte-
nance costs. Parts availability and cost also influence naintenance cost.
The cost of downtine is a factor; the cost of expansion is another. The
repl acenent projection and cost should be considered. Wen life-cycle
costs are evaluated, a system which costs $10,000 and lasts five years
isn't necessarily as good a buy as one which costs $20,000 and lasts ten
years.
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Section |V. Sensor Selection Criteria

9-18. Sensor Selection Criteria. Sensor selection criteria my be
categorized into four general fields: 1) data requirenments, 2) environmen-
tal requirements, 3) system considerations, and 4) economic factors. The
System Requi rements Docunment should clearly define data and environnental
requirenents relating to sensor selection. Table 9-1 lists general data,
environnmental and systemcriteria which nmust be considered in selecting a
suitable transducer for a given application.

9-19. Econoni ¢ Factors. There are several econonmc factors to be consid-
ered in selecting sensors. They are as foll ows:

a. Accuracy. Specify only the required accuracy.

(1) - Special sensors add to cost.

(2) - Extra docunentation adds cost; i.e., calibration record.

(3). More expensive transmssion lines are required for highest acc-

curacy.

h. Range.Choose a flexible range and an overrange which prevents
sensor danage.

C. Tenperature Conpensation. Elimnate unless required.

d. Material. Mst be conpatible with nedia being sensed.

e. Shock, Vibration, Acoustic Bonbardnent, etc. Renotely |ocating
the sensor can reduce shock. This may permit selection of |ess expensive
sensors, sinpler mountings, and |ess expensive cable.

f. Electrical Characteristics. Choose sensitivity, inmpedance, exci-
tation to match the needs of the system

~ Physical Characteristics (Size, Wight, Munting). These are
econom ¢ factors. Mniature sensors generally cost nore; weight and custom
mounting may be a cost factor.

h. Connectors. If connectors are not included, the cost of a single
connector may be as nuch as $150.

i. Repairability. Repair charges are usually about 50% of the cost
of a new sensor.

9-20. Sensor Hazards. Sensors are susceptible to danage and failure when
exposed or subjected to certain hazardous conditions. Sone general and
specific sensor hazards at Corps sites include:

a. Over Excitation. Wth strain and tenperature bridges, excessive
current sinply melts the wires in the bridge causing it to "open", or at

least alter the sensitivity, linearity, and hysteresis of the sensor.
Sources of over excitation can result from changes caused by |ine voltage
variations, line transients, as well as a nisadjusted power supply. Some

power supplies produce up to +l OO% spi kes when turned on. Proper excitation *

9-13



*

EM 1110-2-4300
Change 1
30 Nov 87

turn-on procedures,

the use of zener diodes as DC vol tage regul ators, and

net al - oxi de varistors (M) as power supply AC-line transient suppressors

will mnimze the chance of

Data Requirenents

Table 9-1

Sensor Selection Criteria

Envi ronnent a

Range

Overrange (limits)
Resol uti on
Responsibility
Frequency response
Resi dual unbal ance
Linearity/hysteresis

Total absolute
accuracy
b. | nproper

Tenperature
conpensation

Thermal zero shift
Thermal sensitivity
shift

Thermal shunt cal -

i bration shift
Static acceleration
Vi bration
Acousti ¢ bonbar drment
Altitude & Humidity
Magneti c
El ectronmagnetic
Side axis response
Nucl ear

Thermal & Physi cal

Polarity of Excitation. | f

power supply may damage the sensors.
power |eads to prevent

c. Tenperature Effects.

Connect

over-excitation damage to sensors.

System

Shock

Excitation

/O inpedance

Sensitivity

Gage factor

Shunt calibration

Di nensi on, wei ght &
size

Mount i ng

Connect or

I nsul ation resistance
Cal i bration

Signal conditioning

Reliability

connected backwards, the
a diode in series with the

current from flowing when polarized backward

in civi
t enper at ure.

(1) Thernmal Coefficient of Expansion.

di nensi onal tol erances,
differential
i naccuracies in their

materi al s,

(2) Freezing of Liguids.

Low tenperature problens appear nore often
engi neering applications than those associated with high
Some | ow tenperature considerations are

In sensors that rely on close
particularly between noving parts of different

expansi on can cause damage to the sensor or

r eadi ngs.

use of them in the measurenent process,
the sensor or cause neasurenent errors.
with malfunctions caused by freezing of
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(3) Recording Devices. Certain recording devices do not function
normally in low or freezing tenperatures. Pen plotters which make use of
liquid inks will not record properly, and display devices (particularly
liquid crystal displays) do not function at tenperatures below freezing.

d.  Shock. Shock is defined as, "An abrupt inpact applied to a sta-
tionary object.” apy sensor may be damaged by shock, and some commn
sources of shock are:

(1) Shipping. Sensors are generally well packed to prevent shipping
shock.

(2) Handling. Handling represents a source of shock danage.  Drop-
ping may easily subject a sensor to a shock of several hundred ¢'s.

(3) Storage. Delicate sensors should be stored in conpartnents
lined with shock-absorbent nmaterials or in their original shipping contain-
ers.

(4) Sensor Installation. Some of the nore preval ent poor in-
stallation practices are: applying excessive physical force when mounting
or electrically connecting the sensor, installing a sensor to a test
speci men before nmechanical work is conplete, touching exposed sensing
el ements, or using inproper tools to nmount a sensor.

e. System Checkout and Calibration. Sensors are sonetimes danaged
when a system checkout is being performed. Never exceed the maxi mum
physi cal input capability of the sensor.

f. Cleaning. Sensors should only be cleaned with materials which do
not harm them

Section V. Signal Conditioning

9-21. Introduction. Lowlevel electrical signals generated by basic
measuring sensors generally need some formof "conditioning" before they
are sent to the automated system processor or recorder. Such signal
conditioning functions may require specific devices for certain classes of
sensors (strain gage bridge), or they may be general purpose, as wth
filters, applying to a variety of signal transformations. Although
certainly not exhaustive, the follow ng types of signal conditioning are
often required in the design of engineering measurenment systens.
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9-22. Bridge Circuits.

a. The resistive strain gage and Weat stone bridge network is used
extensively as the transducing element in measurenent systens. Strain gage
bridge applications require special signal conditioning techniques with el-
ements of bridge excitation, bridge balance, bridge conpletion, and cali-
bration (Figure 9-1).

b. Bridge excitation supplies should generally be grounded and cau-
tion taken not to ground the output of the bridge. Qutput signals typi-
cally are applied to fully differential amplifier inputs of recorders, ne-
ters, or processor systems. Bridge excitation, Eex, nust be a regul ated
constant voltage. Individual bridge sensitivities may be varied with the
application of a series rheostat, Rs, allow ng nunerous bridges to be ex-
cited by one constant voltage source. Connection of a balance potentiomne-
ter, Rzl and a series resistor RZ2, provides for adjusting the output
voltage to be precisely zero. Resistor RZ2 should be kept as high in value
as practical, since it shunts the bridge and reduces its sensitivity some-
what .

C.  Strain gage bridges may be calibrated directly by introducing an
accurately known resistance change, Rc "shunted" across R2, and recording
the effect on the bridge output. A field effect transistor (FET) switch
may be used to connect the shunt resistor, Rc, to the bridge, but it should
operate at the input or guard potential, and be optically isolated from
ground.

Adj ust
sensitivity

J\_ Calibrate

DIFF
AMP

If Ry~ Ry~ Ry= R, < 1,000 ohms (usual strain-gage transducer)

then ~
R, 100 Ry

R_, = 25,000 ohms
z1

Figure 9-1. Bridge with Sensitivity, Balance
and Calibration features.
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* 9-23. Anplification. Signal conditioning functions such as buffering,
isolation, gain, level translation, and current-to-voltage or voltage-to-
current conversion are perforned by operational anplifiers. Mst sensor
circuit techniques required for best design and inplenmentation generally
| ead the prudent system designer to seek packaged, commercially available
"system solutions", such as modular, multichannel DC instrunentation
amplifiers. These instrunents are characterized by excellent key anplifier
specifications of input and output inpedances, stability (drift), input
bias current or offset current, gain, and conmon-node rejection. Bandwi dth
is critical in applications of high frequency dynamc signals such as
seismc accelerometer outputs. Mst commercial instrumentation anplifiers
have sel ectabl e bandwi dths from DC to 100kHz.

9-24. Instrunmentation Amplifiers.

a. An instrumentation anplifier is a conmitted "gain bl ock" that
measures the difference between the voltages existing at its two input ter-
mnals, anplifies it by a precisely set gain, usually from1 to 1000 V/V or
more, and causes the result to appear between a pair of ternminals in the
output circuit. An ideal instrunentation anplifier responds only to the
difference between the input voltages. If the input voltages are equal,
the output of the ideal instrunentation anplifier is zero.

b. An anplifier circuit which is optimzed for performance as an in-
strumentation-anplifier gain block has high input inpedance, |low offset and
drift, low nonlinearity, stable gain, and |ow effective output inpedance.
Applications which capitalize on these advantages include thernocouples,
strain gage bridges, current shunts, biological probes, preanplification of
smal | differential signals superinposed on |arge conmon-node voltages, sig-
nal -conditioning and noderate isolation for data acquisition, and signal
translation for differential and single-ended signals wherever the conmmon
"ground” is noisy or of questionable integrity.

C.  The nost-inportant specifications in sensor interfacing are those
relating to gain (range, equation, linearity), offset, bias current, and
comon- node rejection.

(1) Gain Range. Values of nagnitude 1 to 1000 V/V are conmon, but
hi gher val ues are possible.

(2) Gain Equation. "Gain accuracy" specifications describe the devi-
ation from the gain equation when the gain-setting resistor is at its nom
inal value. To take into account the lunped gain errors of all the stages
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in the analog portion of the system fromthe sensor to the A/D converter,
systens using digital processing may be nade self-calibrating.

(3) Nonlinearity. The nagnitude of linearity error (or nonlinearity)
is the maximum deviation froma "best straight line", on the plot of full-
scale range output vs input. It is expressed as a percentage-of full-scale
out put range.

(4) Ofset. Wile initial voltage offset may be adjusted to zero,
shifts in offset voltage with tine and tenperature introduce errors.  sys -
terns that involve "intelligent" processors can correct for offset errors in
the whol e neasurenent chain. In nost applications, the instrunentation am
plifier's contribution to system offset error must be considered.

(5) Input Bias. Input bias currents may be considered as sources of
voltage offset (when multiplied by the source resistance). For balanced
sources, the offset current, or difference between the bias currents, de-
termnes the bias-current contribution to error. Differences between the
bias currents with tenperature, common-node |evel, and power supply voltage
may lead to voltage offset or common-node error.

(6) Bias Current Return Path. Although instrumentation anplifiers
have differential inputs, there must be a return path for the bias cur-
rents, however small. |f the path is not provided, those currents charge
stray capacitances, which cause the output to drift uncontrollably or to
saturate. Therefore, when anplifying the outputs of "floating" sources,
such as transformers, thernocouples, and AC coupled sources, there nust be
a DC "leak" from both inputs to conmon. If a DC return path is inpracti-
cal, an isolator nust be used.

(7) Conmon-nmode Rejection. Comon-node rejection (CMR), is a measure
of the change in output when both inputs are changed by equal arnounts.
Typical values of CMR in instrumentation anplifiers range from70dB to
11QdB. In the high-gain bridge anplifiers found in nodular signal-condi-
tioners, the mnimumline-frequency common-node rejection is of the order
of 140dB.

9- 25. I solation Anplifiers.

a. The isolation anplifier, or isolator, has an input circuit that
is galvanically isolated from the power supply and the output circuit.
Isolators are intended for: applications requiring safe, accurate neasure-
ment of DC and | owfrequency voltage or current in the presence of high
comon- mode voltage (to thousands of volts) with high common-node rejec-
tion; line-receiving of signals transmtted at high inmpedance in noisy en-

9-18



*

EM 1110-2-4300
Change 1
30 Nov 87

vironments; and for safety in general -purpose neasurenents where DC and
line-frequency |eakage nmust be maintained at levels well below certain nan-
dated mininmuns. Principal applications are in electrical environments of
the kind associated with dams, large concrete structures, and field-
portable instrumentation, The mediumthat is currently in wdest use is
transforner-coupling of a high-frequency carrier for communicating power to
and signals fromthe input circuit.

b. One of the mpst inportant considerations about using an isolation
anplifier is the manner in which it is hooked up. Since the nore common
sources of electrical noise arise from ground |oops, electrostatic cou-
pling, and electromagnetic pickup, the follow ng guidelines concern the
guarding of low level mllivolt signals in hostile environnments (also refer
to Figure 9-2).

(1) Use twisted shielded cable to reduce inductive and capacitive
pi ckup.

(2) WWere possible, drive the sensor cable shield, S, with the
comon-node signal source, EG to reduce the effective cable capacitance

(3) To avoid ground |oops and excessive hum signal low, B, or the
sensor cable shield, S, should never be grounded at nore than one point.

9-26. Filtering. Conditioning analog signals with filtering is a nethod
of attenuating or elimnating electrical signals of undesired frequencies.
The four basic types of filters are: 1) |owpass, 2) high-pass, 3) band-
pass, and 4) notch.

a. The lowpass filter is comonly used in |low frequency data appli-
cations to elimnate signal noise that originates at the signal source or
is picked up in data transmission. It passes |ow frequency data signals
with little attenuation and attenuates anplitudes at high frequencies. The
majority of structural neasurenents nade by the Corps result in very |ow
frequency data signals which can be lowpass filtered to increase signal-
to-noise ratio and enhance accuracy. It is highly desirable to select a
cut off frequency as |ow as possible for the sensor signal conditioning. A
good guideline is to select a cut off frequency which is as |ow as the de-
sired information from the sensor will pernit.

b. H gh-pass filters characteristically pass high frequency signals
and attenuate low frequency signals. Typically, high-pass filtering my be
used in piezoelectric accelerometer neasurenents of seismic activity to
mnimze errors due to anplifier bias currents and high noise gain at |ow
frequencies in charge anplifiers.
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C. A band-pass filter is typically formed by cascading a | ow pass
and a high-pass filter of appropriate cut off frequencies to obtain the de-
sired band-pass characteristics. It is used with low to noderately high
frequency signals

p.C. CARD SHIELD

FLOATING GUARD

TRANSDUCER
R
SIGNAL ~ TRANSDUCER TRQ::EECE) I HI
Vi cnmmem— } i
)
] R
L
H i LO
2 4 '
S f 2 b.
SHIELD l
I GUARDI
// (TRANSDUCER Es
TERMINALS A.B.C.) g%
MEDIUM OFF GROUND
COMMON MODE COMMON MODE
VOLTAGE VOLTAGE 4{3{)
GROUND COMMON
/77 MODE VOLTAGE -:“‘

SYSTEM

TRANSDUCER GROUND

GROUND

Figure 9-2. Sensor-Anplifier Interconnection

d. A notch filter is characterized by attenuating or "notching out"
a narrow frequency band of an electrical signal. A comon use of the notch
filter is the rejection or elimnation of 60-Hz power line interference in
anal og data signals.

9-27. Signal Conversion. Frequently, it is necessary to convert electri-

cal signals from analog to digital form and vice-versa in large instrunen-

tation and data acquisition systems. Signal conversions in these applica-

tions are generally of four basic types: 1) analog-to-digital, 2) digital-
to-anal og, 3) voltage-to-frequency, and 4) frequency-to-voltage

a. The analog-to-digital converter (ADC) is the npst w dely used
signal converter today. As the name inplies, this device converts or
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"digitizes" analog signals to a digital form Conversion tinme, accuracy,
and linearity are inportant paraneters. There are two types of ADCs gener-
ally used in data acquisition systems: successive-approximtion and inte-
gration.

(1) Successive-approximtion ADCs are quite widely used, especially
for interfacing with conputers, because they are capable of both high reso-
lution and high speed. Conversion tinme is fixed and independent of the
magni tude of the input voltage. Since the accuracy of this type of ADC is
dependent upon the input not changing during the conversion process, a
"sanpl e-hol d" device is usually enployed ahead of the converter to retain
the starting input val ue.

(2) The integrating ADC is also quite popular. It performs an indi-
rect conversion, by first converting to a function of tinme, then converting
fromthe time function to a digital nunber using a counter. The dual-slope
type is especially suitable for use in digital voltneters and those appli-
cations in which a relatively lengthy time may be taken for conversion to
obtain the benefits of noise reduction through signal averaging. Though
too slow for fast data acquisition, dual-slope converters are quite ade-
quate for such sensors as thermocouples and gas chromatographs.

b. The digital-to-analog converter (DAC) is used to convert digi-
tally formatted signals to analog voltages or currents. The output of a
DAC can be either current or voltage. Typical applications of a DAC in-
cl ude progranmabl e power supplies, current sources, pulse generators, panel
meters, and industrial process control.

C.  Voltage-to-frequency and frequency-to-voltage conversion is a
process of transforming electronic data signals fromthe anal og domain to
the time domain and vice-versa. Voltage-to-frequency converters (VFC) con-
vert anal og voltage or current levels to pulse trains or other repetitive
waveforms at frequencies that are accurately proportional to the anal og
quantity. Typical applications for VFCs include FM nodul ation, frequency-
shift keying, A/'D conversion with high resolution, two-wire high-noise-im
munity digital transmission, and digital voltneters.

d. Frequency-to-voltage converters (FVC) perform the inverse opera-
tion of the VFC, they accept a variety of periodic waveforns and produce an
anal og output proportional to frequency of the input waveform  Frequency-
to-voltage applications include programmble frequency switches in instru-
mentation, notor speed control, and voltage controlled oscillator (VCO
stabilization. In anal og-to-anal og data transmission, the FVC converts se-
rially transnitted data-pulse streans back to anal og voltages. *
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9- 28. El ectrical Interferences.

a. Low level instrunentation signals are very susceptible to any
nunber of electrical interferences, generating spurious, error-producing
voltages that are orders-of-magnitude |arger than the actual measuring sen-
sor output. Electrostatic, electromagnetic, and radio frequency (RF)
source interferences are frequently encountered. They require specia
conditioning and shielding techniques to mnimze their effects on system
measur ement accuracy.

h. Electrostatic interference is a function of potential difference
between two points. Any path, intentional or unintentional between these
potential differences carries current and produces voltages. To ninimze
unwanted electrostatic signals, special shielding techniques such as the
following are applied:

(1) Enclose low |l evel signal carrying conmponents in netal-shiel ded
cont ai ners whenever possible and ground the container to earth or zero sig-
nal reference potential

(2) Ground or connect shields at only one point in the general path
of signal flow, to prevent voltage gradients along the shield.

C. The circuit in Figure 9-3 is designed to reject common-node Sig-
nals defined as voltage E. This voltage is a comon-node signal because it
is inpressed in "conmon" on both input leads. Oten, this signal is called
a normal - node signal

d. A second type of conmon-node signal frequently encountered in in-
strumentation is the excitation voltage used in a strain gage bridge. | f
one corner of the bridge is grounded, then one-half of the excitation is
common-node and rmust be rejected. This circuitry is shown in Figure 9-4.

e. Instrunmentation anplifiers are widely used to reject unwanted
common-node signals in data systenms. A common-node signal for an instru-
ment anplifier is defined as the average input signal or:

ECM = 1/2 (B + E2)
and the differential-node signal is defined as the difference voltage or:
EDM = E2 - E

Note that if El = 0, the difference signal is E2 and the comon-node signa
is I/2 E2.
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Figure 9-3. A Single Amlifier to Reject Signal E
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Figure 9-4. Excitation Voltage as a Common-npbde Signal
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f. Changing nagnetic fields result in electromagnetic radiation
whi ch induces stray currents and voltages in nearby conductors and cir-
cuits. At RF frequencies, even small capacitances appear as |ow reac-
tances. For exanmple, 100 pF is 150 ohms at 10 MHz. This neans that nearly
every conductor associated with a rack of instrumentation fornms a ground
loop with the ground plane and numerous other conductors.

~ Typical RF sources are radio, television, and radar. Also pre-
sent are such devices as diathermy machi nes, arc wel ding, fluorescent
lights, and glow | anps. Proper system grounding and shielding techniques
preclude effects of RF interference.

Section VI. Data Transm ssion

9-29. Types of Data Transmission. The two basic types of data
transmssion are: cable and radio transmssion. Radio is generally nore
costly on short links, and cable more costly in long links. The type
chosen shoul d depend upon economy and system needs. The cost of signal
anplifiers, cable, and cable installation should be weighed against the
cost of the radio transnmitter, receiver, and antennas. Wen choosing a
met hod of transmission, the three nost inportant factors are distance,
frequency, and environment. Cenerally, a short distance, |ow frequency
link in a low electrical interference environnent is the |east expensive.
The data may be transmitted in analog or digital form Digital methods are
| ess subject to interference, have the advantage of data verification, and
can be transmitted serially or in parallel. The disadvantage is the
requirenent of digitizing the signal at the source. This requires a power
source and anal og-to-digital converters at the sensor end of the data I|ink.
Low level analog voltage signals are the nmpbst subject to interference.

Most analog signals are transmitted as voltage |evels over short distances,
but can be transmitted as 4-20 mA current signals. Because the system
operates from4 to 20 mA rather than 0 to 20 mA, the presence of a 4-mA
current confirns |ink connection.

9- 30. Mul ti pl exi ng.

a. Miltiplexing is the sending of two or nore separate signals over
the same channel. There are two forns: time-division and frequency-divi-
sion. Time-division breaks each transmission into segments of known tine
| ength and sends them serially. Frequency-division sends multiple trans-
mssions on different frequencies at the same tine. Several hundred sig-
nals can be transmitted in parallel over the sane channel using this
method. Multiplexing can reduce signal conditioning, cabling requirenents,
and the nunber of receivers, and sensors.
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b. The disadvantages of nultiplexing are nmainly the requirenent for
power at the transmtter end, and the cost and maintenance of the electron-
ics for the transmitter and receiver. The main advantage is that it reduces
system hardware redundancy.

9-31. Network Configurations.

a. \When designing a data transm ssion scheme, the three nost conmon
network configurations are centralized, loop and distributed. These con-
figurations require intelligent controllers at each end and not merely sig-
nals from sensors, neters, etc. In a centralized system data lines are
connected to a central point where a controller handl es nost shared tasks
(Figure 9-5). The advantages of a centralized network are sinplification
of network control and shared control hardware and software. The dis-
advantage is that host lines are dedicated and can not be shared with oth-
ers.

b. In a loop configuration, the interfaces are serially linked in a
circular manner (Figure 9-6). This works well when renote controllers are
relatively close to each other. Conmmunications interfaces are less costly
for this configuration.

C In a distributed configuration, intercommunications may be
achieved by any node pair in the network (Figure 9-7). Its advantage is
that a failure at one node does not affect the rest of the network. Its

di sadvantages are that it is difficult to control and requires a conpl ex
comuni cations interface at each node.

NETWORK
CONTROLLER

COMMUNICATIONS
SUBNETWORK
INTERFACE

1
] l

USER USER USER
COMMUNICATION COMMUNICATION COMMUNICATION
INTERFACE INTERFACE INTERFACE
INTELLIGENT INTELLIGENT INTELLIGENT
DEVICE DEVICE DEVICE

Figure 9-5. Centralized Configuration
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Figure 9-6. Loop Configuration
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Figure 9-7. Distributed Configuration
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9-32. Transnission Techni ques.

a. Cable. The nost conmmon and inexpensive form of transmssion for
short (one kilometer or less) links is electrical cable. Two types of com
monly used cables are parallel wire and coaxial. Parallel wre cables are
used for |owto-nmidfrequency and balanced line applications. Using tw sted
pair (signal and return) and/or an outer conductive shield reduces noise
and interference. Coaxial cable is used for frequencies up to 18 GHz in
unbal anced line applications. H gh-frequency transm ssion factors are:
| osses due to radiation and reflected power, characteristic inpedance, and
signal attenuation. Signals may be transnmitted over cables in single-ended
or differential nodes. In the single-ended node, the signal return is ref-
erenced to ground. In the differential npde, the receiver detects the dif-
ference between signal and return. Analog or digital signals may be trans-
mtted in either node. Analog signals can be corrupted by noise and the
response characteristics of the transmssion line. Digital transm ssion
systens are not as easily corrupted and have the advantage of error detec-
tion and/or correction.

b. Fiber-optics. When noise or interference beconme intolerable, a
fiber-optic link may be used. Fiber-optic links also provide electrical
i sol ation. These are very high-speed links and have a w de bandwi dth.

c. Radiotelenetry. Wen interconnecting cables are not possible or
desirable, signals may be transmitted by radio. Radio signals may be am
plitude, frequency or pulse nodulated and may be analog or digital. Since
radi otel emetry can become quite conplex with problenms associated with
transmtters, antenna location and orientation, and noise interference;
other forms of data transmission should be investigated first.

d. Satellite Transnmission. A recent innovations in data transfer is
the use of satellites to transfer information from one spot in the country
to another. Data is transnitted fromthe site to the satellite via a radio
transmitter. The data is then transferred to a ground receiving station
where it can be further reduced and used for nonitoring the renote opera-
tions. The equipnment that is necessary to acconplish this transfer is
called a data collection platform It consists of a data collection unit,
usually of an intelligent nature capable of making decisions under the con-
trol of a conputer program a transnmitter, and a transmtting antenna.

9-33. Transfer Rate (resolution and accuracy). Transfer rate, sonetines
referred to as throughput, is the nunber of readings or signals which can
be transferred per unit of time, usually per second. |If a serial digital
transmission is used and has a 10K throughput (10,000 readings per second)
with a 16-bit resolution, the transmssion line nust be able to support
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more than 160 kbaud (adding control, error, and synchronization bits).
Transfer rate is a controlling factor in the selection of a transm ssion
nmethod and usually has a direct relationship to cost. Usually, the higher
the resolution, the higher the cost.

Section VII. Data Processing, Display, and Recording

9-34. Conplexity. Data processing, display, and recording functions range
fromsinple systens to very conplex software-intensive computer systems. A
simple systemis a strip chart recorder. The data signal is conditioned

di spl ayed and recorded in a single unit. Mst |owend systens, such as
strip chart recorders, supply raw data or data in a form which may not be
used in other systens. Conputer systens give the highest degree of flexi-
bility for data processing, manipulation, display, recording, and storage.

9- 35. Data Processing.

a. The vast mpjority of data processing is digital processing, ana-
| og processing is rare. Once digitized, the analog signal is input to the
computer or data system as raw data

b. At this point, the data volume is at its maximum  The raw data
may be stored and/or recorded at this point. If the raw data are stored
and then processed, this is called batch processing. If the data are pro-
cessed as they are read, this is called real-time processing. Were speed
is inmportant, real-time processing is necessary.

C. The first step in processing raw data is usually to convert the
data to engineering units. In this conversion process, calibration factors
are often used to conpensate for inaccuracies, and conversion factors are
added to change electronic signals to readable, engineering values. The
speed and flexibility of this process are influenced by the conputer I|an-
guage used.

d. The following is a quick overview of the advantages and di sadvan-
tages of different |anguages for basic understanding.

(1) Machine Language. All other |anguages are ultinmately converted
to this type of code. It is machine dependent, very fast, but is an ex-
tremely difficult language in which to program

(2) Assenbly Language. The next highest level of |anguage consists

of acronyns which represent machine functions. It is called ASSEMBLY |an-
guage. It is also a fast |anguage, sonewhat easier to interpret, but also
cunbersone and difficult to code. '
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(3) Hgh Level Languages. The high level |anguages are so called be-
cause they use English-like text for programming. These |anguages, al-
though they are easy to program are slow because they nust be conpiled or
interpreted before they can be understood by the conputer. BASIC is one of
these |anguages, it is used quite frequently with personal conmputers. The
most frequently used high level |anguages are COBOL, FORTRAN, and PASCAL.
COBOL is a business |anguage designed to handl e |arge anounts of data with
very little manipulation. FORTRAN is a scientific |anguage designed to
handl e small anmounts of data with a great deal of manipulation. PASCAL is
designed to be a fast running | anguage with sonme of the advantages of both
COBOL and FORTRAN.

9-36. Display. Once data have been acquired and reduced, they nust be
di splayed. The nost common types of data display are as follows:

a. Printers:

Line printers Dot matrix printers

Character printers Dai sy wheel printers

Letter quality printers El ectrostatic printers
b. Plotters:

Flat bed plotters Multipen plotters

Movi ng paper plotters El ectrostatic plotters

C. Cathode Ray Tubes:
Monochr ome Col or
Hi gh resol ution

d. Al phanuneric Displays:
Gas discharge displays Light emtting diodes (LED)
Liquid crystal display (LCD) Dot natrix displays

9-37. Recording/ Storage.

a. Data that nust be kept for later use needs to be stored when not
inuse. There are several types of storage, and each has its appropriate
advant ages. Random access nmenory (RAM is storage that is nmeant for short
termuse. It is only a viable neans of storage while the conputer is on.
When power is removed from the system its contents are lost. For nore
long term storage magnetic media nust be used. There are two types which
are nost frequently used. Floppy disk and hard (Wnchester technol ogy)
disk allow for random access to data which is not |lost when the systemis
turned off. Magnetic tape also retains data when power is renoved, but in
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order to get to information on the tape, all the data before it on the tape
must be read. This makes it a slower method of retrieving stored data.
The magnetic tape is also the |ess expensive type of storage.

bh. A though magnetic tape and disk are the nmost commonly used neth-
ods of data recording and storage, other nethods are available. These in-
clude punched cards, paper tape, and bubble nmenory. Al of these nethods
are sequential and have advantages for specific applications.

Section VIIl. System Design Docunent and Design Review

9-38. System Devel opnent.  System devel opment should start with two
elements: a system design docunent and a design review process. Both these
el ements cause the devel opment of the systemto be well thought out and de-
signed for the instrumentation purpose it was intended. System strength,
capability, budget, space, and environnent are all areas which need consid-
eration. The system design docunent establishes the |evel of need and the
constraints of the system The design review process reviews what has been
devel oped, refines the parameters, and prevents the occurrence of design
oversi ghts.

9-39. Quidelines for Preparation of a System Design Docunent.

a. After the system requirements docunment is conplete, a block dia-
gram and list of all hardware and software should be drawn. The I|ist
should contain at |east those items given in Table 9-2.

Table 9-2

[tens on Hardware and Software List

Part and nodel nunbers Nunber of units required
Description of the unit(s) Options required
Accessories required costs

Manuf acturer or vendor with address and phone nunber.

h. A site plan showing the placement of electronic cabinets, sen-
sors, tables, etc., should be drawn. A detailed drawi ng of each cabi net
with installed equi pment should be included. Cable details should be pre-
pared, showi ng signal |ine designation, cable type, |ength, connector
types, and connector pin designations.

C.  Power requirements for the system should be deternmined and a
drawi ng prepared to show power boxes, breakers, cable routing, and |ine
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conditioners or notor generator sets. Gounding details should be defined
and drawn.

d. A formshowing the type and format of data transfers between
units should be prepared to save time in software devel oprent.

9- 40. GQuidelines for Conducting a Design Review.

a. The purpose of the design reviewis to deternmine if the design
neets the design requirenents set forth in the "System Requirenents
Docunent." The design review process should not be a new design definition
session, it should nevertheless be flexible enough to incorporate
| egitimate changes and onissions.

b. The design review should cover the entire system Every conpo-
nent should be exanmined to verify that it will performits intended func-
tion, without interfering with other system functions. The nore "what ifs"
di scussed, the better the chances that the system will operate properly.
Control and alarmfunctions of the system should be carefully exam ned to
determine if they sufficiently cover the needs of the entire system

C. System hardware discussions should include the follow ng:

) The nunber and type of sensors

) Type and location of signal conditioning
) Miltiplexing

) Transmission techniques

) Signal conversions

) System interfaces

) Data storage and recording devices

) System capabilities

) System control and indication functions
0) Electrical and physical environnment

1) Power requirenents

d. System software discussions should include the follow ng:

(1) Input data formats and polarity
(2) Operating system functions

(3) Languages used

(4) Menory nanagenent

(5) Menory capacity

(6) Data processing and storage

(7) Data storage formats

9-31



EM 1110-2-4300
Change 1
30 Nov 87

(8) Data recording and recording formats
(9) Qperator interfacing with the system
(10) Overall system speed

Section IX.  System Inplenmentation

9-41. Detailed Design.

a. Those facts gathered from the system design docunent should be
reviewed and incorporated into the detailed design. Design enphasis shoul d
be placed on site plans, power requirements, grounding plans, rack |ayouts,
and cabl ing.

b. VWhen required instruments nust be fabricated in-house, fabrica-
tion drawings, wire lists, and assenbly instructions should be prepared.
Docunentation of nonstandard instruments is critical, whether they are de-
signed in-house or not.

C. Docunentation of nonstandard units should be specifically de-
tailed in a design document. The design docunent should include detailed
specifications of the itemto be fabricated. Specifications should include
all constraints such as size, weight, power requirenments, nounting, elec-
trical, environnental, controls, speed, etc. An assenbly manual should be
prepared to assist in fabrication of the system A technical description

of the system should be prepared. It nust include all infornation neces-
sary for the operation and naintenance of the unit. This usually consists
of electrical and nechanical draw ngs, a theory of operation, operating in-
structions, installation instructions, programrng instructions, a parts

list, and any other pertinent information.

9-42.  Procurenent and Receiving lInspection. The final system configura-
tion will have an inpact on the procurement and inspection process. If the
final system configuration is purchased from a single manufacturer, the
purchase agreenent should include an on-site denonstration by the manufac-
turer to ensure that the equiprment neets all applicable specifications.
Trade-offs are involved in the procurenent/inspection process and should be
resol ved before procurement arrangements are concluded. For sone systens,
an inspection at the nmanufacturer's plant and an on-site inspection may be
desirable, others may only require an on-site inspection, while still oth-
ers can be done by in-house personnel. Purchasing standard systens, sub-
systems, or conponents is recommended whenever feasible to reduce costs,
and inprove on docunentation, naintenance, and spare part availability.

a. Procurement. The procurenment cycle normally comences with the
final approval of system design. After design approval, a determ nation of
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* long lead time items should be made in order to establish an ordering pri-
ority list. Wen standard conponents are ordered by manufacturer, nodel
nunber, etc., the technical specifications need not be stated on the pro-
curement document. However, when nonstandard equipnent is procured or com
petitive bidding is required, all specifications nust be stated on the
procurenent document. Other requirements on the procurenent document in-
cl ude:

(1) The need for a source (manufacturer's plant) inspection. A nore
reasonabl e approach is to have an on-site inspection for |arger systens and
an in-house inspection for small systems and conponents.

(2) Al system options. Some manufacturers tend to offer several ver-
sions of a system to accommpdate nultiple-user requirenents.

b. Receiving Inspection. An inspection plan should be prepared to
delineate the type of inspection to be performed. It should define the
type of documentation to be nmintained; the procedure to be foll owed when
material or articles do not conform to applicable draw ngs, specifications,
or other requirements; and the acceptance/rejection criteria.

(1) A physical inspection of all incom ng equipnent should be made.
Those articles which require no further inspection should be sent to the
desi gnated system assenbly storage area; those articles which require ac-
ceptance testing and/or calibration should be sent to the responsible test-
ing authority. Al articles damaged by the common carrier should be docu-
mented, and the carrier should be notified so that remedial action can be
t aken.

(2) Al sensors, instruments, and subsystens which contribute to the
overal | system accuracy and operation should be acceptance tested and/or
calibrated. Al nonfunctional hardware, such as cabinets, etc., may be vi-
sual ly inspected. Records of all inspections and tests perforned should be
mai ntai ned.  These records show the initial status of an instrument and
substantiate nonconformance or failure during the warranty period.

9-43. Acceptance Tests. The objective of acceptance tests is to verify
that material and articles nmeet the supplier's stated specifications or the
actual application requirements. Generally, the manufacturer's
test/calibration procedures are followed to verify that specifications are
met. \Wen applicable, test data should be recorded and retained. Wen na-
terial or an article fails the acceptance test(s), it should be so noted
and a determination made as to whose responsibility it is to make repairs
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and/or adjustments. In some special cases, a supplier or his representa-
tive nmakes on-site corrections, especially when large single source systens
are involved or when specifically stated on the procurement docunents.

9-44. Metrology Controls.

a. Generally, there are conponents within an instrumentation system
whi ch should be calibrated and placed in a docurmented metrol ogy con-
trol/recall system The documented netrology system should provide evidence
of quality conformance. Conponents nornally placed in a netrol ogy con-
trol/recall system are: sensors, anplifiers, filters, voltmeters, analog-
to-digital converters, and calibration standards. These conponents should
be assigned calibration intervals based upon manufacturers'
recommendations, or the reconmendations established in standard Governnent
manual s. The calibration intervals should be revi ewed periodically and
adjusted to insure recalibration on a tinmely basis. In establishing
intervals, consideration should be given to the use, accuracy, type of
standard, required precision, and other conditions adversely affecting
quality.

b. Al standards and equi prent used in nmeasurenent processes shoul d
be in a recall system Controls should be established to ensure that those
instruments which are not calibrated within the established interval be im
medi ately recalibrated or renoved from service. Al equipment in the re-
call systemshould have a label or tag affixed to indicate the calibration
status and due date of the next calibration. The calibration record system
should provide sufficient information to deternine calibration results,
traceability to the NBS, date of calibration and the interval or next cali-
bration date.

9-45.  System Fabrication.

a. |f turnkey systens are not procured, the decision to nake or buy
a piece of equipment should be made pronptly so that systemintegration and
installation is not delayed. |f fabricated in-house, several categories of

component devices are likely to need special attention. They are nounting
brackets, cables and wiring, cable troughs, and electronic interface de-
vices. The quality of materials used, clarity of panel markings, routing
of cable harnesses and the placenment of clanps, and general workmanship
during the fabrication process need attention.

b. Detailed electrical and nechani cal drawi ngs shoul d be prepared

before fabrication comrences. Qher docunentation, such as hardware and
el ectronic conponent specifications, input/output voltage levels, and
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i npedances should be specified. The documentation will be required regard-
| ess of the source of fabrication.

9-46. System Integration.

a. Hardware integration consists primarily of cabling all units to-
gether. Problens with nmissing cables or cables with the wong size or type
connectors are found and corrected. At this time each cable should be
tagged, SO that when the systemis packaged for delivery to its permanent
location, all cables will be properly identified. Regarding warranties,
each manufacturer has specific rules regarding what voids a warranty.
Therefore, before opening a unit or removing its covers, the owner's nanual
or warranty card should be checked.

b. The application of AC power to the system should be done slowy,
carefully, and unit by unit. Although each unit was verified as operating
properly during acceptance testing, it may have devel oped problens or the
interface cabling may be incorrect. After power is applied to all units of
the system each unit should be verified as being operational.

C. Software integration is very sinmlar to hardware integration.
First, the conputer is verified as operational by running the appropriate
CPU and nenory diagnostic. Then each standard peripheral such as disks,
tape drives, and printers, should be verified using standard diagnostics.
The nonstandard devices such as A/ D converters, nultiplexers, and ot her
signal conditioning equipnent nust be verified with purchased or self-wit-
ten diagnostics. Next, the computer operating system (0S) should be
| oaded, with drivers to operate all peripherals ready for testing.

d. The final checkout phase of system integration consists of veri-
fying the proper operation of the data acquisition programwth all sys-
tem hardware. This verification should closely sinulate the site-installed
configuration. Interface cables of the sane length as those to be in-
stalled at the site should be used. A conplete set of sensors simlar to
those at the actual site should also be used or simulated as closely as
possible. As the last step in the systemintegration phase, the final
hardware and software configuration should be docunented in the systemin-
stallation manual .

9-47. System lInstallation.

a. Systeminstallation actually begins during the system design
phase when the physical layout or site plan is drawn. Corps sites are of-
ten environnentally harsh and hazardous to automated instrumentation. The
area whi ch houses the main conponents of the system should be thoroughly
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cl eaned and the cooling/heating systenms verified just before the arrival of
the system Dust, especially concrete or cenent dust, fromconstruction or
renovation causes air flow filters to clog and magnetic media to be
severely danmaged.

h. In areas that are subjected to w de tenperature variations and
wat er/ noi sture exposure, instruments should be enclosed in environnentally-
conditioned cabinets or rooms. To reduce noisture condensation and corro-
sion damage and linmt tenmperature excursions, sinple electrical heater
strips or light bulbs may be installed within the instrunent enclosure or
room A conmercial-grade electrical insulating varnish or equivalent coat-
ing should be sprayed over all exposed el ectrical connections to protect
them from corrosive noisture.

C.  To preclude physical damage to instrunments and equi pnent, they
should be installed in netal cages, cabinets, or equally sturdy enclosures
or shelters. To linmt the danage by vandalism all equipnent
(instrumentation and cables) should be enclosed in protective shelters and,
if possible, hidden from normal view. Al enclosures that are exposed to
weat her and public access should be environnmentally protected, and fabri-
cated with steel plating and padl ocks.

d. Upon arrival at the site, the equipnment should be physically
placed in accordance with the site plan. Before connecting cables between
units, and applying primary power to each unit; the outlet or junction box
should be checked for proper wiring and grounding.

e. After all equiprment is in place and all cables are connected,
power may be applied to the system and the check-out phase of the installa-
tion nay commence.

f. Final acceptance of the systemalso affords a good opportunity
for user training. Having the system user perform all functions and tests
that are to be inplemented, not only tests the operability of the system
but also allows the user actual hands-on training.

. As the last step in systeminstallation, the systeminstallation
manual should be verified against the installed configuration. Any dis-
crepancies should be resolved so that the information in the manual re-
flects the actual installation. Any changes that have been made during the
installation nust be properly noted.
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9- 48. Docunent ati on.

a. Al system docunmentation must be maintained and updated through-
out the life of the system Docunmentation for individual units of the sys-
temis covered in Section X, Mintenance.

b. System docunentation, unlike unit documentation provided by the
equi pnent manufacturer, nornmally must be witten specifically for each sys-
tem The primary purposes of system documentation are: how to operate the
system how to modify the systemto add nore hardware or changing the soft-
ware; and how to maintain the individual conponents of the system

C. The operations manual should include step-by-step procedures for
all functions normally perforned by a system operator. It should include
what to do when things are working correctly, and al so what to do when
things are not progressing according to the procedures.

d. The system theory manual may in fact be nore than one manual as
both the hardware and software that make up the system need to be ad-
dressed. The hardware manual or section should, as a mninmum include the
final system requirenents, system design docunents, a system level block
diagram and a witten theory of its overall system operation. The soft-
ware manual or section should contain a systemlevel flow chart depicting
the major software activities, a brief theory on the najor portions of the
program and a table or tables depicting error nessages, alarms, and prede-
termned set points or interrupts that automatically nodify system opera-
tion. It should also include conplete program |istings containing conment
statenents for clarity of neaning.

e. At least two conplete sets of docunentation should be supplied
with the system One set should remain with the system the other set
should be maintained at a central location for reference by engineers who
have responsibility for system maintenance or nodification.

Section X Mai nt enance

9-49.  Mai ntenance phil osophy. Devel oping a system nai ntenance phil oso-
phy is an intricate process requiring forethought and planning. Some of
the elements which nust be resolved are: the conplenment of maintenance
technicians, a centralized or decentralized program nunber of spare units
or conponents to be mmintained, and the amount of system downtinme that can
be tol erated. Once these answers are found, the overall maintenance pro-
gram can be devel oped. A well-planned nmai ntenance programresults in a
system which performs as expected and remains operational for nmany years.
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a. Establishing a Philosophy. A naintenance philosophy should be
undertaken early in the system design stage, and funds for its maintenance
budget ed. A wel | -desi gned, automated systemis of little use if it fails
and can't be repaired due to a lack of manpower or material budget.

b. Types of Maintenance. Mintenance can be of three types
contract nmi ntenance, self-maintenance, or sone conbination of the two.
The decision nmust be based upon cost, in-house know edge and manpower.
Total contract maintenance requires the | east anount of in-house skilled
manpower, but nay be the npbst expensive solution. Total self-nmaintenance
requires the greatest conplenent of skilled manpower, and may | ower
mai nt enance costs. A conbination of the two offers the technical skill of
others, with the | ower costs of self mmintenance, and can produce a
bal anced product of experience and reasonabl e cost

C. Repair Philosophy. Repair can be centralized or |ocalized. The
chosen repair philosophy will depend upon criticality of the measurenent
being taken, cost, in-house expertise, and the level of replacement parts
that the organization is willing to keep on hand. Board or subassenbly
"swapping" is the fastest nethod of achieving repair, and requires very
little technical know edge or equipnent to achieve. The bad board is
merely swapped out for a good one and the defective board repaired. How
ever, it does require a large inventory of spare parts to be kept on hand
Choosing the alternative, fixing the unit in-house or sending it to a re-
pair service, neans taking the equi pment out of service for a length of
tim. On site repair requires the nost manpower, |evel of training, and
inventory of parts. Sending the part or unit to a regional, or nationa
repair service relieves the need for these items, but necessitates nore
time out of service for the unit.

9- 50. Preventive Mintenance.

a. Each manufacturer normally includes, as part of the operations
or mai ntenance manual, a section on the frequency schedule and activities
that should be performed to verify proper operation and to prevent fail-
ures. These should be used to develop good preventive maintenance (PM
habits. A "master" or system PM schedul e must be devel oped which includes
recommended PM on each conponent of the system The manufacturer's recom
mended frequencies nust then be reviewed, nodified, and checked agai nst
performance histories of the instrunents in sinmlar conditions to deternmnine
the frequency of maintenance for the environment in which the systemis op-
erating, i.e., increasing the PM frequency on a conponent if its environ-
ment warrants the extra protection. Providing an idealized environment for
a system will reduce the frequency of maintenance required. These sched-
ul es should be checked periodically to insure that they are sufficient.
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b. In the absence of manufacturers guidance on PM reference to the
recommendations for sinmilar instruments under simlar environnents is ad-
visable. The type of PM depends upon the instrunent. A totally electronic
i nstrunent requires only an occasional cleaning; however, one with fans and
filters must be cleaned and checked for proper air flow at a frequency de-
pendent upon the operating environment. Electromechanical and mechanical
instruments however, require periodic cleaning and lubrication. |f there
i s doubt about the frequency of a PMcheck, a conservative stance, with
more frequent PM checks is recomended.

C. The installation of data acquisition systems at unmanned renote
sites presents entirely different problens. The previously devel oped PM
schedul e may be totally inpractical because of nanpower shortages or ex-
trenely difficult access. Under such circunmstances, a trade-off between
manpower and the loss of all or a part of the system nust be nade. There-
fore, any visit to a renote site to correct a known problemor to collect
data, etc., should be conbined with a PMvisit.

9-51. Cal i bration.

a. To assure that accurate data are collected by the data acquisi-
tion system the various units of the system and the system as a whole re-
quire calibration. The type, accuracy, and frequency of calibrations nust
be addressed during the system design.

b. During the acceptance process, each unit should undergo precision
calibration. Al sensors, especially those that are inaccessible after in-
stallation, should be verified for proper operation and accuracy by a com
petent calibration |aboratory. Al sensors should cone with calibration
data sheets, and digital instruments need only be verified for correct op-
eration.

C.  Once the systemis put together, it should be calibrated by us-
ing an electronic voltage standard in place of the actual sensors. At this
time, true system operation and accuracy may be tested and verified.

d. Periodic calibration of the system should be done. Manual cali-
bration requires that a standard voltage be substituted for the sensor out-
put. This known input used with a software calibration program allows ver-
ification and adjustment of the system for proper readings.

e. Automatic system calibration requires the installation of a pro-
grammabl e voltage standard, associated calibration relays, and a calibra-
tion program This method allows calibration of the system by the repair
technician after a repair or PM and without additional test equipment. Ef-
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* forts should be made to inject the calibration signal as close to the sen-
sor output as possible. This will give the highest |evel of confidence in
the overall level of system performance. The frequency at which an auto-
matic calibration can be run is practically unlinmted, as it nmay be pro-
grammed to require no operator/technician intervention. The output of the
calibration program may be eval uated by the processing unit, and failures
or out-of-tolerance readi ngs can be used to trigger either local or renmote
al ar ns.

f. Signal conditioning equiprment returned from repair requires re-
calibration. Each unit must be calibrated or aligned to meet the manufac-
turer's specifications.

9-52. Docunent ati on.

a. The purchase agreenent should require each equi prent manufacturer
to provide sufficient documentation to facilitate the component |evel re-
pair, alignnent, and calibration of their respective instrument. Three na-
jor categories of docunentation are required to properly maintain any unit
of electronic or electronechanical equipnent.

(1) The Reference Manual. This docunment should contain basic infor-
mation on the functional use, programmng, and basic input and output pa-
rameters of the unit. This nmanual is to assist the maintenance technician
during the problem identification phase of repair. It answers many i npor-
tant questions such as: how the unit operates, its correct input and out-
put format, and if it is functioning properly.

(2) The Service Manual. This describes the causes for certain fail-
ures, and how the technician isolates and repairs these problems. This
manual normally contains a unit theory of operation, calibration inforna-
tion, as well as a breakdown of the mmjor assenblies and subassenblies and
a theory of operation for each. Depending upon the type of unit covered by
the service manual, there are other helpful hints for the repair technician
such as: troubleshooting procedures, signal and test patterns, spare parts
lists, PM procedures, and manufacturer assistance procedures.

(3) The Drawi ng Package. Schematic or logic diagranms which are ab-
solutely necessary for conponent-level repair of assenblies and subassem
blies are contained here. Also, this package usually contains an illus-
trated parts breakdown (IPB) and the mechanical drawings of all conponent
har dwar e.

b. The system integrator, vendor, or controlling engineer should be
required to provide a systeminstallation or system configuration manual.
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* This must be updated to reflect the actual configuration of the system af-
ter installation and acceptance. Additions, deletions, and any nodifi-
cations to the system should be documented in the system installation man-
ual. The systeminstallation or configuration nmanual should contain as a
m ni mum the follow ng:

) Site plan (equipnent |ocations).
) Power wiring and power source draw ngs.
) Cable routing and identification draw ngs.
) Conputer bus priority schene.
) Conputer bus addressing, or unit recognition schene.
) Unit identification (manufacturer, nodel, and avail abl e docunen-
tation for the unit).
(7) List of applicable software tests and diagnostic progranms with
instructions on how to run them

NN NS S A~
DO WN -

C. The permanent l|ocation of each manual wll depend on the nainte-
nance philosophy chosen. Reference, service, and site installation nanuals
should be at the equipnent site or carried to renote sites by a technician.
If site, regional, and national centers are used for repair, copies of each
manual should be |ocated at each center. This docunentation also provides
qui ck reference for the engineer who is tasked w th upgrading or nodifying
an existing system

9-53. Maintenance Software (diagnostic).

a. Diagnostic software of different levels is required for minte-
nance troubl eshooting of conputer system hardware. The first level of on-
site diagnostics should be devel oped or nodified for each specific system
and used as an operational readiness test. First level software only needs
to verify basic comunications between units, and fundanmental operations
of each device such as: 1) Are the sensors connected to the systen? 2) Are
the sensor readings reasonable for existing conditions? 3) Can the magnetic
medium wite, read, etc? Additionally, an on-line/off-line calibration
di agnostic program should be incorporated into the system software.
Although it is nore tinme-consuming to run than the operational readiness
test, a thorough system calibration programis used to find units which,
al though functional, are not operating within specifications and require
repl acenent, alignnent, or recalibration.

b. Diagnostics for subassenbly or nodule |evel naintenance and trou-
bl eshooting are very conplex and time consuming to run. They are device-
specific and nust verify all functions of a device. This type of diagnos-
tic programis normally available fromthe equi prent nanufacturer and
should be purchased sinultaneously with the equipnent.
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C. Software for automated calibration of sensors and signal condi-
tioning devices is also a necessity if the devices are to be calibrated on
site. This software may be purchased from equi pnent manufacturers and cus-
tom zed for specific system configurations, or developed from "scratch".

d. If the data acquisition systems are on-line to central points of
data collection, a rempte diagnostic feature may be used to save a signifi-
cant amount of tine and effort. A renote diagnostic pernmits the technician
to run and evaluate the operational readiness test and the system calibra-
tion program This procedure infornms the repair technician about a problem
before leaving the central site and helps in preventive and corrective
mai nt enance situations.

9-54, Spare Parts. The establishment of a spare parts inventory, whether
at the conponent, subassenbly, assembly, or unit level of maintenance, or
at some conmbination of these, is a must. The depth of the spare parts in-
ventory is governed nmainly by the budget available and the failure history
of the parts. However, false economes in the establishment and mainte-
nance of a spare parts inventory can result in significant costs in man-
power and |ost system availability. At all but the component |evel of re-
pair, it is far nmore economcal for the person troubleshooting a problemto
"swap out” a suspected faulty part than to take the tine to isolate the
mal function with elaborate test equiprment. The decision on what should be
included in the initial inventory of spare parts to support a data acquisi-
tion system should be nade based upon a conbination of each equipnment manu-
facturer's reconmmendation; the known history of the equipnent, if avail-
able; and experience gained in maintaining sinilar equipnent.

9-55. Test Equi pnent.

a. The choice of test equipnent depends largely upon the |evel of
mai nt enance to be performed. For assenbly or unit level of maintenance,
where diagnostic software and operational readiness tests are used to |o-
cate an inoperative unit, only the very basic test equipment is required.
A conmplete electronic technician's tool kit, which includes a hand-held
multimeter and a data communications tester, is sufficient.

b. For subassenbly- or nodul e-level naintenance, several nore so-
phisticated pieces of test equipnent are required in addition to those pre-
viously specified. These tools are shown in Table 9-3. Most of these re-
pairs are done at the regional or central repair facility.
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mai nt enance phil os-

most basic level of training is know edge of unit "swapping".
Tabl e 9-3.
Necessary Maintenance Test Equi pnent.
Assenbl y/ Uni t Subassy/ Modul e Cormmponent
Level Level Level
Repai r Repai r Repai r
1. Conplete ET 1. Al of Assenbly 1. Al Assenbly and
tool kit | evel equipnent plus Subassy | evel
2. Hand-held VOM 2. Portable 35-Mi equi pnent  pl us
3. Data conmmun- dual -trace oscil - 2. Bench type
ications tester | oscope 100- MHz
as appropriate 3. Bus exerciser/ana- osci | | oscope
lyzer (type depends 3. Logic analyzer
upon bus) (time & logic
4, Portable voltage state)
standard 4. M croprocessor
5 Digital multineter t r oubl eshoot er
6. Master skew tape & 5. One of each unit
mast er output tape to be maintained

b. O primary inportance,
and apply source power to the systemand to the individual
The second itemis how to |load and unload the storage ne-
This includes performng the actual
and informng the system that

up the system

dia, nmagnetic tapes,
cal act
Also, the first

functi ons.

| evel
tor functions for the specific system
For a conputerized system

for systems using
magnetic tapes

7. Disk exerciser,
alignment disk, &
scratch disks for
systens having
disk drive units

or disks.

as well

to be used as a

test fixture for
t roubl eshoot i ng
& verifying
repair

the technician should be able to renove

units that make

physi -

the recording nedia is replaced.
mai nt enance technician should know all

syst em oper a-

as preventive mintenance
the operator/technician also needs

to receive training on the software operating system system operating corn-
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mands, the system operational readiness test, calibration prograns, and
hardware di agnostic prograns.

c. The second level of training should cover assenbly and subassem
bly level of repair. This requires an electronic technician who has re-
ceived training in the fundanentals of electricity, basic electronics, dig-
ital theory, use of general electronic test equiprment, and the fundanentals
of conputer systens and peripherals. Specific unit level training should
cover special alignnent, adjustment, field calibration procedures and use
of diagnostic software for each unit.

d. The final level of repair, circuit conponent isolation and re-
pl acenent requires the theory of operation of all electronic circuits and
el ectromechani cal and mechanical conponents in each unit. Advanced-|eve
training in electronics, digital theory, conputer systemns, and in the use
of advanced-level electronic test equiprment should also be given

e. System mai ntenance training, regardless of the |evel, nust be
custonm zed for the specific system The sinplest and by far the mst eco-
nom cal nethod of conducting this type of training, especially when
turnover of personnel is high, is by the use of video training tapes. This
nethod of training is also ideally suited to both preventive and corrective
mai nt enance procedures. It allows the viewer to see the procedure actually
being performed, and denonstrates techniques in mnutes that would take
chapters in a manual to describe

f. The nost formal and overall the nost expensive type of training

is the manufacturer's factory school. It generally takes place at the

equi prent manufacturer's facility. It is normally taught by a trained pro-
fessional instructor and nornally delves deeply into the theory of opera-
tion of the equipnent. If the course includes |aboratory tinme, actua

hands-on training acconpanies the theory training. This type of training
also requires the loss of availability of the technician(s) for the dura-
tion of the course

Section Xl Retrofitting

9-57. Definition. In ternms of instrumentation automation, retrofitting
represents any effort to nodify existing instruments so that they nay be
nonitored conpl etely under automated control, or such that the nobdification
will aid instrumentation personnel in collecting the instrument data.

9-58. Need. The Corps has one of the largest investments in structura

safety related and design related instruments in the entire country. Over
the years, this investment has accunulated into the hundreds of mllions of

9-44

*



EM 1110-2-4300
Change 1
30 Nov 87

dollars in instrumentation. Al though sone of these instruments are over
fifty years old, they are still in working condition and still serving a
useful purpose. Keeping these instruments working rather than replacing
themis in the best interests of overall econony of the cost of naintaining
a structure.

a. Retrofitting instrumentation that is already in place is
beneficial in a nunmber of respects. The cost of installing the instruments
thenselves is a large part of the cost of automating a nonitoring task,
meki ng use of existing instrunentation, in this respect, will greatly
reduce the overall cost of any autonation operation.

b. The conditions under which the retrofit will be made bear heavily
on the decision to proceed in this direction. [If the instrunents, or the
structure in which they are installed only have a |imted renaining usefu
life, then retrofitting will provide the needed benefits at the small est
cost. Installation of new instruments usually would not be econom cal

9-59 Degrees of Retrofit. Wth the large diversity of instruments which
the Corps uses, it is inmpossible to be able to apply retrofitting
techniques to all of them Some currently installed instruments, such as

t he i nexpensive crack and joint measuring devices (Mnolith joint

di spl acenent indicator, Relative novement indicator, Ball-n-box gage,
scratch gage, etc.) cannot be retrofitted, or would be prohibitively
expensive to do so. These instrunents cannot be autonmated, and should be
replaced with instruments which lend thenmselves to automation if the action
i'S necessary.

a. Oher instruments can be automated, but in order to use themthe
physi cal presence of an operator is necessary. A typical exanple of this
class of instrument is the optical plumet. The nmethod of reading an
optical plummet requires an operator to sight, through the plumret
tel escope, at a target somewhere along the length of the vertical plunmet
shaft. In order to make the reading the operator nust nove the telescope
to coincide with the center of the target. The novenment of the telescope
is then recorded. At present there is no mechani smwhich can determn ne
that the telescope is aligned with the center of the target; and as such,
an operator is necessary. However, there are electronic recording devices
whi ch can record the changes in novenent of the tel escope which the
operator has nade, and thereby help the operator make accurate
measurenents, help elimnate msrecorded data, and generally speed up the
data collection process. These types of changes to a manual data
collection system will partially automate the process.
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b. The mgjority of the instrunents used by the Corps produce sone
formof electrical output which can be measured by an el ectronic recording
devi ce. In nost cases, these types of instruments can be fully automated
by the addition of electronic data acquisition equiprment, and in certain
cases, by mechanical apparatus which perform the duties of an operator.

9-60. Retrofitting Analysis. Before considering a retrofitting operation
an anal ysis of whether the instrument retrofitting woul d be nmore cost
effective than purchasing new equi pnent should be made. Cost factors such
as age of the equipnent to be retrofitted, cost of peripheral equipnent

whi ch must be purchased to neke the retrofit possible, as well as their
installation costs nust be weighed against the cost of new equi pment and
their installation costs before a w se decision regarding automation can be
made. It is also inportant to consider accuracy and resolution of the

ol der instrunments, frequency of the data collection operation, and the

i nformation which is needed about the structure before making the decision
on how to proceed

9-61. Necessary Conponents. Sections I, IIl, V, VI and VIl of this
chapter give detailed information about the conponents which nust be put
together to design an automated data acquisition system Retrofitting is
an identical procedure, except that the instrument to be autonated already
exists, and nust be supplinented to automatically collect its neasurenent.
All other conponents of the automation process remain the sane.

a. Wth respect to instrunent output, there are two types of
instruments the Corps uses. Either the instrument produces a change which
must be physically measured, or it produces an electrical response to the
change being neasured. As nmentioned before, the electrical response type
instruments can be conpletely automated. However, those instruments which
require a physical neasurenent in order to get the final data, generally
require the interaction of an operator. In the cases where it is not
possible to replace the operator, either the gage nust be replaced to one
whi ch can be automated, or a partial automation nust be sought.

b. Gage replacement requires the abandonnent of the old gages and
installation of new gages which give an electronic signal as output. A
typical exanple would be to replace a crack neasuring gage which requires
an operator, with a surface nounted strain neter that outputs change in
resistance or change in signal frequency as a function of strain. This
type of instrunment could then be automated conpletely.

c. In the event that the instrunent is not to be replaced, and a

partial automation alternative chosen, the operator would still be
necessary to make the reading of the gage. Cenerally, sone type of
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el ectronic recording device which the operator could use as an electronic
notepad would be used to aid in the automation. Rather than witing the
measured output down on paper, the collected data could be entered into the
el ectronic notepad. These types of devices can generally be programred
such that the infornmation entered can be checked against historical data
and a warning given if there are gross msmatches; or the data entered can
be reduced to engineering values. The data which is now tenporarily stored
in the recording device can be electronically input into a conputer in the
engineering office through a standard serial or parallel interface

d. Sone instruments which require the presence of an operator cone
equi pped with the capability to automatically store the data they collect.
An exanple is sone of the newer theodolites. These instruments nust be
aimed by an operator, but the output is automatically stored or transferred
to a conputer. This elimnates the mstakes which can be nade in nanually
transferring the data to output sheets.

e. Partial replacement of sone types of instruments which the Corps
uses will allow themto be conpletely automated. The addition of a
transducer which monitors some physical change and produces an electrica

output can be used to automate an instrument. Piezometer standpipes are a
typical exanple. Standpipe type cells may be neasured by one of two
methods. In one case, the water head at the cell is less than the

el evation of the reading station. To retrofit this type of situation, a
pressure sensor would be lowered in the standpipe to a |level below the

| onest expected water level. The pressure head on this sensor would then
be an indicator of the elevation of the water in the standpipe.

f.  The other method for neasuring standpi pe pressure may be used
when a water pressure exists at all tines at the reading station.
Currently, dial type gages are used for neasuring this pressure. The water
pressure at this station may be diverted to a pressure transducer and the
el ectrical output from the transducer nonitored

~ Those instruments which give electrical output, but were designed
to be manually operated can be automated by devising a nmeans of
mechanical ly reproducing the actions supplied by the operator. For
example, certain types of inclinometers are designed to be manually |owered
down a casing and held at different elevations while an electrical signa
is recorded. The first step in automating this type of instrument is to
build a device which will lower (and raise) the inclinometer to predefined
el evations at regular time intervals. A properly geared stepping notor
attached to the reel containing the inclinoneter cable could be devised
which would lower the inclinometer into the casing. The stepper notor
woul d halt the inclinometer at the predefined location and a signal could

9-47

*



EM 1110-2-4300
Change 1
30 Nov 87

* be sent to a data acquisition systemto nake a reading. The procedure
woul d then be repeated until the entire casing had been read. This type of
retrofitted instrunent would be connected to a data acquisition systemjust
as if it had been designed to be automatically nonitored.
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